Due to rising global energy demands, depletion of fossil fuel reserves, and environmental pollution problems, there is great interest in developing different kinds of high-efficient and low-cost renewable energy technologies, such as fuel cells, as a replacement for combustion-based energy sources[@b1]. Among the multitude of fuel cell technologies available, the direct methanol fuel cell (DMFC) has drawn much attention because of its eco-friendly system, high efficiency, high power density and short start-up transient-response time[@b2]. DMFC has thus been identified as a promising candidate to compete with the conventional batteries for powering portable electronic devices[@b3]. Methanol, a liquid at room temperature, makes storage and transport much easier. The theoretical potential for the standard methanol fuel cell is 1.25 V, which is close to that for hydrogen fuel cell. Furthermore the theoretical energy density of methanol fuel cell is 6.1 kWh/kg[@b4], 10 times higher than that of lithium-ion battery[@b5], which is a critical factor in the transportation sector.

Despite considerable advances in recent years, the widespread application of DMFC is hindered by several technical and economical barriers. Poor electrocatalytic activity toward methanol oxidation reaction (MOR) and serious CO poising of Pt catalyst at the anode[@b6] are the most severe challenges. For standard DMFC, Pt-based nanoparticles (2--5 nm) supported on carbon black are most commonly employed as the anode catalyst because of their excellent performance in MOR. Although Pt is efficient, it can be the most expensive component. Thus researchers have been trying to reduce the diameters of Pt nanoparticles to as small as 1 nm in order to increase the active surface area of the catalyst, and therefore to increase the catalytic activity of Pt in fuel cells. Downsizing Pt nanoparticles to clusters or even single atoms could significantly increase their catalytic activity and is therefore highly desirable to maximize the efficiency[@b7]. Since the first practical single-atom catalyst, which consists of only isolated single Pt atoms on FeO*~x~*, was reported by Zhang and his collaborators[@b7], "single-atom catalysis" has attracted much more attention. However, the large-scale synthesis of practical and stable clusters and single atoms of catalysts remains a significant challenge because clusters and single atoms are too mobile and easy to sinter under realistic reaction conditions[@b8]. To this end, atomic layer deposition (ALD), a promising technique for small-size catalyst fabrication[@b9], provides the solution. In the ALD process, a substrate is alternately exposed to different reactive precursor vapours, which react in a self-limiting manner to deposit materials in an atomic layer-by-layer fashion. Previous studies have revealed that ALD allows one to control the morphology of the deposited metal, from discrete tiny nanoparticles to a continuous thin film, through the surface chemistry[@b10][@b11].

In a conventional system, carbon black is commonly used as the support for Pt nanoparticle catalyst[@b12]. This system is intrinsically limited in terms of life span, and the catalytic surface area of the electrode tends to decrease with time due to the corrosion of the carbon black support. Recently, due to their unique electric and micro-structural characteristics, nanostructured carbon materials with graphene structures such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been studied extensively as alternative supports for electrocatalysts, showing much enhanced fuel cell performance[@b13]. Graphene, a unique structure of a two-dimensional (2D) sheet composed of sp^2^-bonded carbon atoms with one-atomic layer thick, has inspired a flurry of interests for both fundamental science and applied research due to its extraordinary properties[@b14]. One hopes to employ such 2-D sheets as conductive supports to both anchor electrocatalysts and modulate the electrochemical reactions in a controlled fashion[@b15][@b16]. The combination of the high surface area (theoretical value of 2630 m^2^/g), high conductivity, unique graphitic basal plane structure and potential low manufacturing cost makes graphene a promising candidate for catalyst support in fuel cells[@b17]. It is expected that graphene research will offer a new type of carbon-metal nanocomposite for the next generation of catalysts[@b15].

In this work, we employ the ALD technique to fabricate single atoms and sub-nanometer clusters of Pt on the surfaces of graphene nanosheet support. The morphology, size, density and loading of Pt on graphene can be precisely controlled by simply adjusting the number of ALD cycles. High angle annular dark field scanning TEM (HAADF-STEM) and electrochemical characterizations were carried out to determine how the catalyst structure changes with adjusting the numbers ALD cycles, and how it affects the MOR activity and CO adsorption. X-ray Absorption Fine Structure (XAFS) spectroscopy at the Pt L~3,2~ edge, including both the X-ray Absorption Near Edge Structure (XANES) and the Extended X-ray Absorption Fine Structure (EXAFS), revealed the correlation of the electronic structure and local environment of Pt and their electrochemical performance.

Results
=======

Preparation of single-atom platinum catalyst on graphene via ALD technique
--------------------------------------------------------------------------

The graphene nanosheet (GNS) support was prepared using the procedure described previously[@b18] which involves graphite oxidation, thermal exfoliation, and chemical reduction. [Fig. S2](#s1){ref-type="supplementary-material"} shows the SEM (a) and TEM (b) images of graphene. It can be seen that the material is transparent with the voile-like structure and consists of randomly crumpled sheets closely associated with each other, forming a disordered solid. The planar sheets are clearly observed, indicating the features of high surface/volume ratio and the two-dimensional structure of graphene.

Platinum was deposited on graphene supports by ALD using the (methylcyclopentadienyl)-trimethylplatinum (MeCpPtMe~3~, Aldrich, purity 98%) and oxygen (99.999%) as precursors, and nitrogen (99.9995%) as purge gas[@b10][@b11]. ALD of Pt follows a similar pathway as CVD of Pt[@b19] during the oxidative decomposition of MeCpPtMe~3~, but separating into two half reactions:

1^st^ half reaction: 2^nd^ half reaction: Here, '\*' represents an active surface species, and Pt-O\* represents oxygen molecules (or dissociated oxygen ions) that are adsorbed on the Pt surface. As shown in [Fig. 1](#f1){ref-type="fig"}, there exists a monolayer of oxygen containing function group on the surface of graphene nanosheets (a). During the MeCpPtMe~3~ exposure, some of the precursor ligands react with the adsorbed oxygen, to form CO~2~, H~2~O and hydrocarbon fragments (eq. 1). The limited supply of surface oxygen prevents all of the ligands from oxidizing and provides the self-limiting growth necessary for ALD, creating a Pt containing monolayer (b). The subsequent oxygen exposure forms a new adsorbed oxygen layer on the Pt surface (eq. 2) (c). This two processes form a complete ALD cycle. Through tuning the number of ALD cycles, the Pt deposition can be precisely controlled. This mechanism is supported by quadrupole mass spectrometry (QMS) measurements in which CO~2~ and H~2~O were observed during both the MeCpPtMe~3~ and the oxygen exposures[@b20].

Electron microscopy
-------------------

Sub-angstrom-resolution aberration-corrected scanning transmission electron microscopy (STEM) was used to characterize the dispersion and configuration of Pt single atoms and clusters on the GNS. The instrument is fitted with a Super-Twin lens and two aberration correctors in order to achieve sub-angstrom resolution both for phase contrast imaging and STEM. Individual heavy atoms in practical catalysts can be discerned with atomic resolution in high angle annular dark field (HAADF) images[@b8].

Structure characterization reveals that ALD is an efficient method to deposit highly dispersed Pt particles on the surface of graphene nanosheet. [Fig. S3a--c](#s1){ref-type="supplementary-material"} show the SEM images of Pt on graphene prepared with 50, 100 and 150 ALD cycles, respectively. The corresponding TEM images are shown in [Fig. S3a′--c′](#s1){ref-type="supplementary-material"}. We can see that discrete and well dispersed Pt nanoparticles have been uniformly deposited on the surface of the graphene nanosheets. The Pt nucleation density, as illustrated by the number of particles counted in a unit area of graphene nanosheets, increases with the cycle numbers. A few hundred particles were randomly measured under TEM to obtain the particle size distributions. The Pt particles, displaying an average size of 0.5 nm, 1--2 nm and 2--4 nm, respectively, are uniformly distributed on graphene nanosheet supports with 50, 100 and 150 ALD cycles (50ALDPt/graphene, 100ALDPt/graphene and 150ALDPt/graphene). Consequently, the Pt loading on graphene also increases from 1.52, to 2.67 and 10.5 wt%, which were confirmed by ICP-OES. The HRTEM images ([Fig. S4a--c](#s1){ref-type="supplementary-material"} and their insets) reveal that each Pt nanoparticle or cluster is single crystalline and arranged in the cubic close-packed structure. Especially, as shown in [Fig. S4a](#s1){ref-type="supplementary-material"} and its inset, Pt clusters that consist of only/less than ten atoms are assembled into a closely packed crystal structure. This indicates the crystalline nature of Pt cluster in the early stage of ALD growth.

To further investigate the details of ALD Pt on graphene, sub-angstrom-resolution, aberration-corrected STEM was used to characterize the Pt clusters on graphene. Atomic resolution HAADF images were proven previously to be an efficient way to study individual heavy atoms in catalysts[@b7][@b21][@b22]. [Fig. S5a and b](#s1){ref-type="supplementary-material"} show the bright-field TEM image and HAADF-STEM image of Pt/graphene with 100 ALD cycles, respectively. On the bright-field TEM image, only Pt nanoparticles of 1--4 nm in size are observed ([Fig. S5a](#s1){ref-type="supplementary-material"}). Interestingly, the sensitivity to atomic number Z-contrast of HAADF-STEM revealed that in addition to these Pt nanoparticles, the presence of numerous individual Pt atoms, as well as very small Pt clusters of size ≤1 nm consisting of only a few atoms ([Fig. S5b](#s1){ref-type="supplementary-material"}). [Fig. S6a and S6b](#s1){ref-type="supplementary-material"} show respectively the EDS spectra and the corresponding HAADF-STEM image of Pt/graphene. The EDS spectra were collected from five different areas with Pt-clusters ranging from 1.2 to 6.7 nm size on a graphene nanosheet as well as an area containing only a few atoms. The presence of Pt and C is confirmed by all measurements. The Cu peak is attributed to the Cu mesh on which the catalyst is dispersed for TEM measurement. This further indicates that the bright spots in the HAADF-STEM image are individual Pt atoms and subnanometer Pt clusters anchored to the surface of the graphene nanosheets. The peak intensities were normalized according to the Cu K~α1~ intensity. We can see that all areas show obvious Pt signals, even areas where only a few Pt atoms are present, and a decrease of particle size results in a decrease of the Pt peaks intensity. It is inferred that these individual atoms and subnanometer-sized clusters of Pt observed for the first time with appreciable amounts must be connected to the unprecedented MOR performance of Pt catalyst deposited using ALD[@b15].

The size and deposition density of Pt on graphene could be easily moderated via controlling the ALD cycles. [Fig. 2](#f2){ref-type="fig"} shows the HAADF-STEM images, at different magnifications, of Pt on graphene with three different ALD cycles. For the Pt/graphene sample after undergoing 50 ALD cycles, [Fig. 2a and a′](#f2){ref-type="fig"} clearly show that single atoms of Pt (bright spots on the dark background) are dominantly distributed on the surface of graphene nanosheets. Occasionally, subnanometer Pt clusters and nanoparticles with size of 1--2 nm can also be found, which is consistent with the bright field TEM investigations. After 100 cycles ([Fig. 2b and b′](#f2){ref-type="fig"}), some clusters appear to be larger, forming nanoparticles with two groups of average size of 1 nm and 2 nm respectively, while many single atoms and clusters were observed, similar to that for the 50-cycle sample ([Fig. 2a and a′](#f2){ref-type="fig"}). It is believed that the single atoms existing from the 50-cycle sample have grown, creating the relative larger clusters and particles, while at the same time, newer single atoms have formed. Finally, after 150 cycles ([Fig. 2c and c′](#f2){ref-type="fig"}), in addition to the newly formed single atoms and clusters, some existing clusters and particles from the 50- and 100-cycle samples appear to be even larger with three groups of sizes with 1, 2 and 4 nm, respectively. SEM, TEM and HAADF-STEM images of the three Pt/graphene samples with different ALD cycles reveal that the deposited Pt form disperse particles, growing from individual single atoms and subnanometer clusters via the agglomeration in a cubic closely pack manner, instead of layer-by-layer growth. Many single atoms can be seen on each of the sample in addition to these particles. Previous studies have observed that the thin-film growth rate increases after a Pt seed is formed[@b23]. This growth rate increase has been attributed to a higher affinity for MeCpPtMe~3~ adsorption and decomposition on Pt sites[@b24].

These findings raise key issues for fabricating Pt single atoms or sub-nanometer clusters on graphene and other support materials by using ALD. One of the key issues is the chemical state of ALD Pt at the early stage. The conversion of Pt from the oxidation state in MeCpPtMe~3~ precursor to the zero-valent metallic chemical state on graphene offers promising opportunities to employ ALD-grown metal nanostructures for catalysis and fuel cell applications.

The presence of Pt individual atoms and extremely small clusters suggests a strong interaction between graphene and Pt atoms, which may induce some modulation in the electronic structure of the Pt clusters. Okamoto et al. have reported, based on density-functional theory (DFT) calculation, that introducing a carbon vacancy into a graphene sheet enhances the interaction between graphene and Pt~13~ clusters[@b25]. They concluded that the stability of the metal clusters on graphene with carbon vacancies was higher than that on defect-free graphene. The graphene used in this study must exhibit many carbon vacancies and defects, due to the preparation method by chemical reduction of exfoliated graphite oxide sheets. It is thus expected that carbon atoms with dangling bond or oxygen-containing functional groups exist at the defect sites of the graphene nanosheets used in this work. The Pt precursor used in this study reacts with these defects. The present study indicates that graphene can be anticipated as a new type of carbon support material, modifying catalytic properties of Pt as fuel cell catalysts.

Catalytic performance
---------------------

We used the methanol oxidation reaction (MOR) to investigate the catalytic performance of ALDPt/GNS samples; as such reaction is at the heart of DMFC technology. Cyclic voltammetry (CV) was used to systematically study the catalytic activity and the onset potential of methanol oxidation of the catalysts. A better catalyst is characterized by a higher induced current density at a given applied potential or a lower onset potential. [Fig. 3](#f3){ref-type="fig"} shows the CVs for MOR on Pt/graphene samples with different ALD cycles and Pt/C (ETEK) catalyst. Two typical oxidation peaks appear on the CV curves of all the four catalysts, arising from the oxidations of methanol and their intermediates[@b26]. As shown in the inset, the onset potentials of methanol oxidation are 0.59, 0.60, 0.62 and 0.7 V (vs. RHE) for ALD Pt/graphene with 50, 100 and 150 cycles, as well as Pt/C, respectively. Obviously, the peak potentials for methanol oxidation in the forward scan of Pt/graphene composites increases with the number of ALD cycles with the order of 50 cycles (0.79 V) \< 100 cycles (0.82 V) \< 150 cycles (0.85 V) (vs. RHE), all of which show significant negative shift than that for Pt/C (0.96 V vs. RHE). The negative shifts of the onset and peak potentials indicate that ALD Pt/GNS catalysts, especially the 50ALDPt/GNS, are able to significantly reduce the over-potential for methanol oxidation than Pt/C commercial catalyst. These improvements may be attributable to the presence of oxygen containing functional groups on graphene nanosheet as the graphene used in this study involves preparation-induced defects[@b25]. The methanol oxidation peak current density for 50ALDPt/GNS is 22.9 mAcm^−2^, which is 4 and 2.7 times those of 100ALDPt/GNS (8.48 mA cm^−2^) and 150ALDPt/GNS (5.73 mA cm^−2^) catalysts, respectively. Interestingly, the 50ALDPt/GNS shows 9.5 times higher current density than that of ETEK Pt/C catalyst (2.41 mA cm^−2^). The enhancement may be attributed to the intrinsic nature of Pt single atoms and sub-nanometer clusters[@b8] as well as the carbons substrate materials[@b25]. Goodenough et al.[@b27] suggested the anodic peak in the reverse scan to be linked to the removal of the incomplete oxidized carbonaceous species, such as CO, HCOO^−^ and HCO^−^, accumulated on the catalyst surface during the forward anodic scan. CO, a critical intermediate of methanol oxidation, can poison Pt catalyst, causing a lower fuel cell potential and energy conversion efficiency. Consequently, the ratio of the forward anodic peak current density (I~f~) to the backward anodic peak current density (I~b~), I~f~/I~b~, can be used to indicate the CO tolerance of the catalyst[@b27]. A low I~f~/I~b~ value usually indicates poor oxidation of methanol to CO~2~ during the forward anodic scan and excessive accumulation of residual carbon species on the catalyst surface. On the other hand, a higher I~f~/I~b~ ratio is indicative of improved CO tolerance. In our study, Pt/graphene with 50 ALD cycles shows much higher I~f~/I~b~ value (2.23) than that for 100 (I~f~/I~b~ = 1.51) and 150 (I~f~/I~b~ = 1.13) Pt cycles and Pt/C (I~f~/I~b~ = 1.2). This suggests that methanol molecules can be more efficiently oxidized on 50ALDPt/GNS during the forward scan, generating much less poisoning species as compared to 100ALDPt/GNS, 150ALDPt/GNS and Pt/C catalysts, indicating a much better CO tolerance. Chronoamperometry data were recorded at 0.7 V (vs. RHE) for 1200 s as a measure of the catalyst deactivation ([Fig. S7](#s1){ref-type="supplementary-material"}). We observed that the current density of four catalysts degrades with increasing time during the methanol oxidation reaction, but ALDPt/GNS samples exhibited a slower current decay over time than commercial Pt/C catalyst, indicating better stability and higher tolerance of ALDPt/GNS to CO-like intermediates[@b22]. From the HAADF-STEM images of ALD 100 Pt/graphene after the stability test ([Figure S8](#s1){ref-type="supplementary-material"}), we can see that there was only slightly increase in Pt size, but no obvious aggregation of Pt, which future indicates the excellent stability of ALD Pt/graphene catalysts in DMFCs. To further investigate the observed enhancement of CO tolerance, CO electro-stripping experiments were carried out.

More evidence on the origin of the high MOR activity and enhanced CO tolerance for Pt/graphene catalysts was obtained from CO stripping voltammetry conducted as a function of CO poisoning times in 0.5 M H~2~SO~4~ at room temperature. [Fig. 4](#f4){ref-type="fig"} shows the CO stripping voltammograms for ALDPt/GNS and Pt/C catalysts. An obvious CO oxidation peak for Pt/C was observed at 0.87 V (vs. RHE) after passing 30% CO/Ar gas for only 1 s ([Fig. 4d](#f4){ref-type="fig"}). However, the CO oxidation peaks for the 150ALDPt/GNS, 100ALD Pt/GNS and 50ALD Pt/GNS are not observed until an exposure time of 30 s, 1 min and 2 min, respectively, was reached ([Fig. 4c, b, a](#f4){ref-type="fig"}). Moreover, the peak potentials for CO oxidation keep nearly constant at 0.77 V (vs. RHE) for 150ALDPt/GNS and at 0.87 V (vs. RHE) for Pt/C with difference CO exposure time, while for ALDPt/GNS samples with 50 and 100 Pt cycles, the peak potentials for CO oxidation are initially at 0.72 V (vs. RHE) and steadily increase to 0.73, 0.74 and 0.77 V with time. Further, we found that the equilibrium CO coverage of all ALDPt/GNS samples was reached after passing a 30% CO/Ar gas for more than 5 min, while for the commercial Pt/C catalyst, the equilibrium CO coverage was reached after passing a 30% CO/Ar gas for 20 s. This observation indicates that the state of CO adsorption on Pt/GNS catalysts is different from commercial Pt/C catalysts[@b25]. The CO adsorption rates on Pt/GNS catalysts were obviously much slower compared to that on Pt/carbon black, which might be due to the superior CO tolerance of ultrafine Pt catalysts[@b25]. Although the detailed mechanism of the CO poisoning tolerance is not clear for the Pt/GNS catalyst, it is found that the CO tolerance and adsorption rates of Pt electrocatalysts are significantly different depending on the size of Pt and the carbon support.

X-ray absorption fine structure studies
---------------------------------------

X-ray absorption near edge structure (XANES) at the Pt L~3~ and L~2~ edges for a series of Pt specimens are shown in [Fig. 5](#f5){ref-type="fig"} and [Fig. S9](#s1){ref-type="supplementary-material"}, respectively, including three ALD samples prepared with different Pt deposition cycles, a platinum metal foil, and a Pt/C commercial catalyst. We can see that both the Pt L~3~- and L~2~ -edge XANES exhibit a substantial whiteline (WL), a sharp resonance in the absorption coefficient. The WL arises from dipole transition from the Pt 2p~3/2~ and 2p~1/2~ to the d band of 5d ~5/2~,~3/2~, and 5d~3/2~, character respectively (selection rule: Δ*l* = ±1, Δ*j* = ±1,0) indicating that there are appreciable unoccupied densities of states (DOS) of Pt 5d~5/2~ and 5~3/2~ character just above the Fermi level in all the sample. These DOS are crucial to the catalytic performance of Pt. The non-statistical L~3~ to L~2~ WL intensity ratio in Pt metal (WL at the Pt L~2~-edge is nearly absent) arises from the lack of unoccupied 5d~3/2~ states (non-statistical distribution) above the Fermi level since the Pt d~5/2~ and 5d~3/2~ states are filled differently due to a large spin-orbit coupling of the Pt 5d electrons. This anomaly and its chemical sensitivity have been addressed by Mott[@b28] and Sham[@b29].

Discussion
==========

It is apparent from [Fig. 5a](#f5){ref-type="fig"} and [Fig. S9](#s1){ref-type="supplementary-material"} that except in the case of Pt foil which has a very intense L~3~-edge WL and a very weak L~2~-edge WL, all other cases exhibit substantial WL intensity at both edges. Close examination reveals that the L~3~-edge WL profile for the ALD Pt on graphene and Pt on carbon black exhibits a small change in that the L~3~-edge white-line intensity decreases as the number of ALD cycles increases, in the order of 50ALDPt/GNS \> 100ALDPt/GNS \> 150ALDPt/GNS \> Pt/C, which follows the same order of MOR and CO tolerance. The Pt-ALD and Pt-C Pt L~3~-edge WL appear to be less intense than that of Pt metal but considerably broader with a positive energy shift in its maximum but a small negative shift in the threshold energy E~o.~ An increase in the WL intensity indicates a decrease in the number of electrons in the d orbital (DOS). Although surface oxidation in platinum will also increase the WL intensity, it will also shift E~0~ to higher photon energy. The fact that a negative E~0~ in the ALD samples relative to the Pt foil and Pt/C (inset of [Figure 5a](#f5){ref-type="fig"}) indicates that the Pt in the ALD samples is essentially metallic. Therefore, the increase of the whiteline intensity in ALD samples compared to Pt/C can only indicate a stronger interaction between graphene nanosheet and Pt pushing the DOS maximum to higher energy[@b17]. Furthermore, a lower ALD cycle number with a relatively more intense whiteline (more available unoccupied 5d states) could mean more single Pt atoms or small cluster (more Pt-graphene interaction sites) on average resulting in a broader WL. This point will be further discussed below in the examination of the Pt L~2~-edge WL and the EXAFS.

The corresponding L~2~-edge WL ([Fig. S9](#s1){ref-type="supplementary-material"}) exhibits considerably more variation and higher sensitivity compared to that of the Pt L~3~-edge. The L~2~-edge WL intensity exhibits the same trend among the Pt-ALD and Pt-C materials as observed in the L~3~-edge WL; i.e. that 50ALDPt/GNS \> 100ALDPt/GNS \> 150ALDPt/GNS \> Pt. This observation clearly confirms that for 5d noble metals such as Pt and Au, the 5d~5/2~ and 5d ~3/2~ states exhibit subtle but different chemical sensitivity and that both L~3~ and L~2~ edge WL should be used together to address the chemistry[@b30][@b31].

To further explore the implication of the unoccupied densities of 5d states in Pt and Pt based materials, we have conducted a WL intensity analysis. It has been shown that for heavy noble metals like Pt and Au, the spin-orbit of the 5d orbital is large, \~1 eV, therefore the *j* (spin-orbit) is a better quantum number than *l (orbital)* and the d band width upon band formation in a nanoparticle or cluster is more of a quadrature of the band term and the spin-orbit term. Thus, in nearly full or full 5d bands, such as in Pt and Au, respectively, the unoccupied DOS of 5d~5/2~ and 5d~3/2~ character exhibit non-statistical distribution (deviation from 2*j* *+ 1* multiplicity ratio, 6/4 = 3/2). Furthermore, the dipole selection rule can also modify the non-statistical ratio of the WL intensity. Since the Au d band is fully occupied, we can obtain the Pt L~3~-edge WL intensity by subtracting the corresponding XANES of that of the Au. This is shown in [Fig. S10](#s1){ref-type="supplementary-material"}. The area under the difference curve integrated between the two vertical bars, the WL intensity, ΔA~3~ and ΔA~2~, can be expressed as The area under the curve thus obtained is listed in [table 1](#t1){ref-type="table"} together with other relevant parameters. It should be noted that the Pt L~2~-edge WL is probing only the unoccupied states of 5d~3/2~ character while the L~3~-edge WL is probing both the Pt 5d~5/2~ and 5d ~3/2.~ Following a previous analysis procedure, we have

Where *C~o~* = 4π^2^α/3, (α is the hyperfine constant), *N~o~* is the density of the Pt atoms and *E*~3~ and *E*~2~ are the corresponding edge threshold, *E~o~* for the L~3~ and L~2~ edges, respectively; the *R* term is the radial transition matrix element. If we assume that the *R* terms are similar for both edges, we let *C = C~o~N~o~R*^*2*^. This approximation leads to the following expressions.

Using the results from Pt metal and the d~5/2~ and d~3/2~ hole population from band structure calculations, a C value of 7.484 × 10^4^ cm^−1^ eV was derived previously for Pt metal[@b30]. For the set of experimental data recorded in this work, the corresponding d hole counts are as listed in the [table 1](#t1){ref-type="table"}. It should be noted however, that the area under WL (the difference curve) alone can already provide an important measure for the relative DOS of the 5d holes in our system of interest. It should also be noted that the d-hole ratio is independent of the scaling factor C, which may need to be recalibrated under different experimental conditions. Two important conclusions emerge from this analysis. First, the results confirm quantitatively the observation that the 50ALDPt/GNS sample has the highest total unoccupied density of states of Pt 5d character. Second, the Pt 5d~3/2~ state, which is nearly full in disparity to that of the Pt 5d~3/2~ hole in Pt metal becomes more chemically active upon dispersion into atoms or small cluster, this activity is likely due to surface and interface (Pt-graphene interaction) effects. Thus the trend of Pt 5d unoccupied densities of states correlates well with their electrocatalytic performance. More details on the spectroscopy and its implications for Pt based catalysis will be discussed elsewhere.

The oscillations beyond the whiteline exhibit the same pattern as fcc Pt. Close examination reveals that the XANES patterns observed in the Pt ALD samples grow in intensity and become sharper as the number of cycles increases, which suggests that the crystalline order increases and approaches that of Pt foil. This is in good accord with the XAFS behavior of the growth of Au nanoparticles[@b32].

The Fourier transforms of the EXAFS region for various cases are plotted in [Figure 5b](#f5){ref-type="fig"}. The peak at \~1.6 Å is associated with Pt bonded to low Z elements (C or O though not distinguishable due to similar backscattering phase and amplitude as well as bond length) and the peak at \~2.6 Å reflects Pt-Pt bonding in the first coordination shell containing Pt. The peak intensity is proportional to the coordination number and related to the degree of order/disorder of the corresponding coordination shells, and the effect can be described by the Debye-Waller factor, which describes the mean square displacement of the inter-atomic distance between the absorbing atom and the backscattering atom due to vibration and static disorder (slightly different chemical environment). As shown in [table 2](#t2){ref-type="table"}, 150ALDPt/GNS has a fitted Pt-Pt coordination number of CN = 9.2 closest to that of the Pt metal (CN = 12) and a relatively small contribution from Pt-C or Pt-O. 100ALDPt/GNS has a much lower CN (1.5) relative to Pt metal indicating the presence of much smaller Pt cluster size on average. The contributions from Pt-C or Pt-O increase for a smaller Pt cluster (more surface Pt atom). Interestingly, though not surprisingly, the 50ALDPt/GNS sample has very strong Pt-C or Pt-O contribution, and the Pt-Pt bond distance deviates considerably from a perfect Pt metal. This observation indicates that only very small Pt cluster and single atoms dominate in the 50ALDPt/GNS sample. In all ALD samples, single Pt atom interacts with GNS through Pt-C or Pt-O bonding while smaller Pt cluster (in 100ALD and 50ALD) has more surface atoms for more extensive Pt-GNS interaction. This EXAFS observation agrees with the observation in XANES (stronger interaction corresponds to a more intense whiteline; this is more apparent at the Pt L~2~-edge XANES, and single Pt atoms and small clusters exhibit nearly washed out oscillation beyond the whiteline). Smaller Pt clusters can offer more available catalytic positions per unit mass of Pt for electrochemical reaction from under-coordinated surface atom. This effect will be more obvious for single Pt atom dominated sample (for instance in 50ALDPt/GNS). The presence of single atoms and small Pt clusters will yield very disordered EXAFS as observed. The XANES, albeit weak and much broadened, still shows some metallic Pt characteristics, indicating that the local order of Pt in these small clusters is still Pt metal like.

In conclusion, we have reported a systematic study in which ALD was used to synthesize a class of novel catalysts that consists of platinum single atoms, sub-nanoclusters, and nanoparticles uniformly deposit on the surface of graphene nanosheets. We showed that the morphology, size, density and loading of Pt on graphene can be precisely controlled by simply adjusting ALD cycle numbers. These catalysts showed much higher activity for methanol oxidation and superior CO tolerance compared to conventional Pt/C catalyst. The Pt L~3,2~-edge XAFS strongly supports the electron microscopy results and reveals a correlation between the L~3,2~-edge whiteline intensity and the chemical behavior for these ALDPt/GNS catalysts. The more low-coordinated and unsaturated 5d orbitals of the single Pt atoms are responsible for the excellent electrochemical performance. Our work provides a promising approach for the design of highly active next-generation catalyst based on single-atom Pt, which has a great potential to substantially reduce the high cost of fuel cells and other industries that use noble metals as catalysts.

Methods
=======

ALD synthesis of Pt on graphene
-------------------------------

Platinum was deposited on graphene supports by ALD (Savannah 100, Cambridge Nanotechnology Inc., USA). The container for graphene was placed inside the reactor directly on the heated stage of ALD. The deposition temperature was 250°C, while the container for the Pt precursor was kept at 65°C to provide a steady state flux of MeCpPtMe~3~ to the reactor (\~800 mTorr at 65°C)[@b11]. Gas lines were held at 100--150°C to avoid precursor condensation. High-purity O~2~ (99.999%) was used as the counter reactant, and high-purity N~2~ (99.9995%) was used as both a purging gas and carrier gas. In each ALD cycle, 1 s of MeCpPtMe~3~ pulse and 5 s of O~2~ pulse were separated by 20 s of N~2~ purge. The Pt loading on graphene was accurately controlled by the number of ALD cycles, and was further confirmed by inductively coupled plasma-optical emission spectroscopy (ICP-OES).

Physical characterization
-------------------------

The morphologies and microstructures of the as-prepared samples were examined by scanning electron microscopy (SEM, Hitachi S-4800) operated at 5 kV. Subangstrom-resolution aberration-corrected scanning transmission electron microscopy (STEM, FEI Titan 80--300 Cubed TEM) was used to characterize the dispersion and configuration of Pt clusters and single atoms on graphene. The instrument was operated at 200 keV with a convergence angle of 21mrad and HAADF images were taken at a Camera Length of 115 mm. The instrument is fitted with a Super-Twin lens and two hexapole aberration correctors (one for the image-forming lens and one for the probe-forming lens) in order to achieve sub-angstrom resolution both for phase contrast imaging and STEM. The probe diameter is less than 0.1 nm achieved with a high-brightness electron source. The sample was tilted towards the energy-dispersive X-ray detector in order to increase the counts in the X-ray spectra.

Electrochemical measurements
----------------------------

The working electrodes were prepared with a procedure similar to the one reported previously[@b33]. Typically, the catalyst dispersions were prepared by mixing 5 mg of catalyst in 5 mL aqueous solution containing 1 mL of isopropyl alcohol and 30 mL of 5 wt% Nafion solution followed by 12 min ultrasonication. Glassy carbon (GC) disk electrodes (5 mm diameter, 0.196 cm^2^, Pine Research Instrument) served as the substrate and were polished to a mirror finish. An aliquot of catalyst suspension was pipetted onto the GC disk substrate to obtain the same Pt loadings for all catalysts. The catalyst films were dried under flowing N~2~ at room temperature. The electrochemical properties of the catalysts were test on an Autolab potentiostat/galvanostat (Model, PGSTAT-30, Eco-chemie, Brinkman Instruments) with rotation control (MSR, Pine Instruments) using a three-electrode system that consists of a GC rotating disk electrode (RDE), a Pt wire counter electrode, and a Ag/AgCl (3 M NaCl) reference electrode separated from the working electrode compartment by a closed electrolyte bridge. For convenience, all potentials in this study are referenced to the reversible hydrogen electrode (RHE). The working electrode was first cycled between 0 and 1.2 V at a scan rate of 50 mVs^−1^ for 50 times in an Ar-purged H~2~SO~4~ solution (0.5 M) at room temperature until a clean electrode surface was obtained. Cyclic voltammetry (CV) measurements were conducted by cycling the potential between 0 and 1.2 V, with a sweep rate of 50 mVs^−1^. For methanol oxidation reaction (MOR), the CVs were measured in an air-free aqueous solution containing 1 M MeOH and 0.5 M H~2~SO~4~ at room temperature in an Ar atmosphere. For CO stripping voltammetry, 30%CO/N~2~ gas was purged into the solution at a position close to the working electrode for 1 s to 20 min, with the electrode polarized at 0.05 V versus RHE in a fume hood. The excess CO was purged with Ar for 30 min under potential control followed by CO stripping at a scan rate of 50 mVs^−1^.

X-ray absorption spectroscopy
-----------------------------

The Pt L~3,2~-edge adsorption spectra X-Ray Absorption Fine Structure (XAFS) measurements were performed on the 06ID superconducting wiggler sourced hard X-ray microanalysis (HXMA) beamline at the Canadian Light Source with a premirror - double crystal monochromator -- postmirror configuration using Si (111) crystals and Rh mirrors. When the data was collected, the CLS 2.9 GeV ring was operated at 250 mA injection current and the beamline wiggler was running at 1.9 T. Measurements were made at room temperature in transmission mode for Pt foil and for the sample Pt/C with ion chambers filled with 20% of Ar and 80% of He, and in fluorescence mode for the ALD system using a 32- element Ge detector. The spectrum acquisition was set at 10 eV/step, 0.5 eV/step, and 0.05 Å^−1^/step for the pre-edge, XANES, and EXAFS regions, respectively. The second crystal of the monochromator was 60% detuned during the data collection to suppress the higher harmonic components. Metal Pt foil (Pt L~3~ edge) was used for mono energy calibration. The Pt L~3,2~-edge XANES, as well as Pt L~3~-edge EXAFS were recorded for the analysis. The software package ATHENA version 0.8.056 was used for data reduction. Software TkAtom version 3.0beta7 was used to generate the FEFF7.02 input files, and WinXAS version 3.0 was used for R space fitting based on the FEFF modeling for the Pt metal and PtO~2~.
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![Schematic illustrations of Pt ALD mechanism on graphene nanosheets.\
(a) There exists a monolayer of oxygen containing function group on the surface of graphene nanosheets; (b) during the MeCpPtMe~3~ exposure, some of the precursor ligands react with the adsorbed oxygen, and the limited supply of surface oxygen provides the self-limiting growth necessary for ALD, creating a Pt containing monolayer; (c) the subsequent oxygen exposure forms a new adsorbed oxygen layer on the Pt surface; This two processes (b and c) form a complete ALD cycle, producing one atomic layer of Pt atoms. Through tuning the number of ALD cycles (d), the Pt deposition can be precisely controlled. Here, '\*' represents an active surface species, and Pt-O\* represents oxygen molecules (or dissociated oxygen ions) that are adsorbed on the Pt surface.](srep01775-f1){#f1}

![HAADF-STEM images of Pt/GNS samples.\
(a, b, c) present the results with 50, 100, and 150 ALD cycles, respectively, and (a′, b′, c′) show the corresponding magnified images. Inset in each figure show the corresponding histogram of Pt on GNS.](srep01775-f2){#f2}

![CVs of methanol oxidation on (a) ALD50Pt/GNS, (b) ALD100Pt/GNS, (c) ALD150Pt/GNS, (d) Pt/C.\
The inset is the enlarged CV curves at the onset potential region of the methanol oxidation on different catalysts. The peak potentials for methanol oxidation of Pt/GNS increases with the increase of ALD cycles: 50 cycles (0.79 V) \< 100 cycles (0.82 V) \< 150 cycles (0.85 V) \< Pt/C (0.96 V) (vs. RHE). The negative shifts of the onset and peak potentials indicate that the ALDPt/GNS catalysts are able to significantly reduce the overpotential for methanol oxidation. Further, the methanol oxidation peak current density indicates that ALD50Pt/GNS is 4 and 2.7 times more active than ALD100Pt/GNS and ALD100Pt/GNS, respectively. Most importantly, all ALDPt/GNS catalysts exhibit several times higher activity for MOR than that of Pt/C catalyst, especially, ALD50Pt/GNS is over 9.5 times more active than of Pt/C catalyst.](srep01775-f3){#f3}

![The CO stripping voltammogram as a function of CO poisoning time of (a) ALD50Pt/GNS; (b) ALD100Pt/GNS; (c) ALD150Pt/GNS, (d) Pt/C, respectively.\
An obvious CO oxidation peak of Pt/C is observed after passing 30% CO/Ar gas for 1s (d). However, the CO oxidation peaks for ALD150Pt/GNS, ALD100Pt/GNS and ALD150Pt/GNS are not observed until an exposure time of 30 s, 1 minute and 2 min, respectively, was reached (c, b, a), indicating better CO tolerance for ALDPt/GNS samples, with 50 cycles the best. Further, the equilibrium CO coverage of all ALDPt/GNS samples was reached after passing a 30% CO/Ar gas for more than 5 min, while for the Pt/C, the equilibrium CO coverage was reached after passing a 30% CO/Ar gas for 20 s. The CO adsorption rate on Pt/GNS samples were obviously much slower compared to that on Pt/C, which might be due to the superior CO tolerance of ultrafine Pt catalysts.](srep01775-f4){#f4}

![X-ray absorption studies.\
(a) The normalized XANES spectra at Pt L~3~ edge and (b) The K^3^-weighted Fourier transform spectra from EXAFS of samples (A) Pt foil (black line); (B) Pt/C (red line); (C) ALD150Pt/GNS Pt/GNS (blue line); (D) ALD100Pt/GNS (magenta line); (E) ALD50Pt/GNS (olive line). Inset in A shows the enlarged spectra at Pt L~3~ edge.](srep01775-f5){#f5}

###### Pt L~3,2~-edge threshold and whiteline parameters

                   Pt L~3~-edge WL   Pt L~2~-edge WL                                                         
  --------------- ----------------- ----------------- ------ ------ --------- --------- ------ ------ ------ ------
  Pt foil              11563.8           11565.7       4.67   6.78   13269.5   13272.5   7.48   2.95   0.53   0.12
  ALD 50 Pt/GNS        11563.6           11567.1       8.43   7.47   13269.7   13272.9   7.67   6.15   1.20   0.25
  ALD100 Pt/GNS        11563.8           11567.5       8.76   6.88   13269.9   13273.1   8.24   5.31   1.13   0.21
  ALD150 Pt/GNS        11563.6           11567.0       8.66   6.98   13269.5   13273.5   8.55   5.47   0.93   0.22

^a^Position of the point of inflection of the rising edge; ^b^Peak position; ^c^Linewidth at Half maximum of the WL, see inset of [Fig. 4 a](#f4){ref-type="fig"}; ^d^Area under the difference curve (see [Fig. S10](#s1){ref-type="supplementary-material"}, marked by the vertical bar) for unity edge jump, the unity edge jump for the Pt L~3~ and L~2~ edge corresponds to a value of 2.5 × 10^3^ cm^−1^ and 1.16 × 10^3^ cm^−1^, respectively.

###### XAS analysis results for the three ALD samples and reference samples

  Sample                                                N                                            R (Å)         Δσ^2^ (Å^2^)
  -------------- ------------------------------------------------------------------------------- -------------- ------------------
  Pt foil                                             12.0                                        2.66 (±0.02)        0.0023
  Pt/C                                             6.3 (±1.0)                                     2.54 (±0.02)   0.0041 (±0.0009)
  ALD150Pt/GNS                                      9.2 (±1)                                      2.79 (±0.02)   0.0061 (±0.010)
  ALD100Pt/GNS                                     1.5 (±0.3)                                     2.80 (±0.02)   0.0029 (±0.010)
  ALD50Pt/GNS     no physical solution by fitting to crystalline Pt[\*](#t2-fn1){ref-type="fn"}                 

*N*, coordination number for Pt-Pt bond in crystalline Pt; *R*, Pt-Pt bond length (r~Pt-Pt~); Δσ^2^, Debye--Waller factor. \*Note: fitting ALD 50 by Pt-Pt crystalline structure doesn\'t have physical solution. This has to be considered as single atom dominated in ALD 50.
